Pulmonary hypertension (PH) is a common complication of chronic hypoxic lung diseases, which increase morbidity and mortality. Hypoxic PH has previously been attributed to structural changes in the pulmonary vasculature including narrowing of the vascular lumen and loss of vessels, which produce a fixed increase in resistance. Using quantitative stereology, we now show that chronic hypoxia caused PH and remodeling of the blood vessel walls in rats but that this remodeling did not lead to structural narrowing of the vascular lumen. Sustained inhibition of the RhoA/Rho-kinase pathway throughout the period of hypoxic exposure attenuated PH and prevented remodeling in intra-acinar vessels without enlarging the structurally determined lumen diameter. In chronically hypoxic lungs, acute Rho kinase inhibition markedly decreased PVR but did not alter the alveolar to arterial oxygen gap. In addition to increased vascular resistance, chronic hypoxia induced Rho kinase-dependent capillary angiogenesis. Thus, hypoxic PH was not caused by fixed structural changes in the vasculature but by sustained vasoconstriction, which was largely Rho kinase dependent. Importantly, this vasoconstriction had no role in ventilation-perfusion matching and optimization of gas exchange. Rho kinase also mediated hypoxia-induced capillary angiogenesis, a previously unrecognized but potentially important adaptive response. (Circ Res. 2005;97:185-191.) 
S ustained pulmonary hypertension (PH) is a common complication of chronic hypoxic lung diseases that is strongly associated with increased morbidity and reduced survival. Moreover, the presence of cor pulmonale is an independent predictor of increased mortality, suggesting that PH contributes directly to mortality (reviewed in Hopkins et al 1 ) . The increase in pulmonary vascular resistance (PVR) caused by chronic hypoxia has previously been attributed to structural changes in the vasculature, in particular encroachment of the remodeled arteriolar walls into the vascular lumen and loss of blood vessels, although recent reports have cast doubt on this paradigm. [1] [2] [3] In particular, we have recently shown for the first time that hypoxia induces angiogenesis in the adult pulmonary circulation, a potentially beneficial adaptation, and does not cause vessel loss as previously believed. 2 The small G-protein RhoA and its downstream effector Rho-kinase (ROCK) play a central role in diverse cellular functions including smooth muscle contraction, cytoskeletal rearrangement, cell migration, cell proliferation, and gene expression. 4 -8 Given these important functions, it is not surprising that disturbances of this pathway have been identified as important pathogenetic mechanisms in many dis-eases of the cardiovascular system, including systemic hypertension, arteriosclerosis, and ischemic heart disease. 9 -11 Blockade of the RhoA/ROCK pathway effectively corrects blood pressure in a number of animal models of systemic hypertension 8, 11 and is a key regulator of vascular smooth muscle proliferation and migration in disease-induced systemic vascular remodeling. 9, 10 This pathway also regulates endothelial cell proliferation and migration. In vitro models and in vivo Matrigel implants show that inhibition of RhoA or ROCK prevents growth factor-induced endothelial cell migration and organization into capillary-like structures 12, 13 and vessel formation. 14 Moreover, ROCK inhibitors attenuate tumor growth in vivo in a manner that is compatible with an antiangiogenic effect. 15 Recognition of the therapeutic potential of inhibiting this pathway has lead to the development of specific small molecule inhibitors of ROCK. 8, 11, 15 Taken together, these reports suggest that the RhoA/ROCK pathway might contribute to the development of hypoxic PH and the associated pulmonary vascular remodeling. The purpose of this study was to assess the potential role of this pathway in the development of chronic hypoxia-induced PH and the associated structural changes in the pulmonary vasculature. In particular, we wished to test the hypothesis that, although chronic inhibition of ROCK would inhibit the development of hypoxic PH, it would simultaneously inhibit hypoxia-induced pulmonary angiogenesis.
Materials and Methods
An expanded Materials and Methods section can be found in the online supplement available at http://circres.ahajournals.org.
Hypoxic Pulmonary Hypertension
Chronic hypoxic PH was induced by housing adult male rats in a normobaric hypoxic chamber (FiO 2 0.10) for 1 or 3 weeks as previously described. 16 Control rats were housed in normoxic conditions (FiO 2 0.21) in the same room. To assess the effects of chronic ROCK inhibition, rats were randomized into 3 groups; 1 group was maintained in normoxic conditions (control group), while 2 groups were housed in hypoxic conditions for 1 week. Y-27632 was used to inhibit the phosphorylation activity of ROCK. 4 -8,17 One hypoxic group (CH-Y27632) received Y-27632 (30 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 , orally) while the other did not receive Y-27632 (CH group).
Measurement of Vascular Pressures and Gas Exchange In Vivo
Rats were anesthetized, tracheostomised, paralyzed, and mechanically ventilated. Venous and arterial cannulae were placed for drug administration, blood gas sampling, and blood pressure measurement. Right ventricular pressure was measured by introduction of a needle via a subdiaphragmatic approach just before euthanasia.
Isolated Perfused Lung Preparation
Lungs were isolated under anesthesia, mechanically ventilated, and perfused at constant low flow with a mixture of blood and physiological saline of constant hematocrit so that pulmonary arterial pressure (PAP) was a direct index of PVR. 17 Capillary pressure was assessed by the double occlusion technique. 17
Tissue Collection
At the end of each isolated lung experiment, the left lung (LL) was fixed under standard conditions for stereological quantification of structural vascular changes. 2 The right lungs were snap frozen for subsequent protein and mRNA analysis.
Data Analysis
For stereological analyses, total volume of specific compartments, vessel and capillary lengths, and alveolar epithelial and capillary endothelial surface areas were reported per left lung. For normally distributed data, responses were reported as meanϮSEM, n refers to the number of rats from which tissue was obtained. For multiple comparisons of means across experimental groups, analysis of variance was performed followed by Student-Newman Keuls posthoc test for pair-wise comparisons. For non-normally distributed data, multiple comparisons of medians across experimental groups were performed using the Kruskal-Wallis test followed by Mann-Whitney U with the Bonferonni post-hoc correction; values of PϽ0.05 were accepted as statistically significant.
Results

Effect of Acute ROCK Inhibition on Established Hypoxic Pulmonary Hypertension
Mean peak right ventricular systolic pressure (RVSP peak ) measured during ventilation with 30% oxygen (53.5Ϯ3.5 mm Hg) in rats (nϭ5) maintained chronically hypoxic for 3 weeks was significantly (PϽ0.01) greater than that in control nonhypoxic rats (28.8Ϯ1.4 mm Hg), demonstrating the presence of fixed PH; ie, increased PVR that was not attributable to acute hypoxic pulmonary vasoconstriction (HPV). After administration of the potent ROCK inhibitor Y27632 (15 mg ⅐ kg Ϫ1 ), 11 mean RVSP Peak was reduced significantly (PϽ0.02) to a value of 34.6 (Ϯ5.6) mm Hg.
Changes in RVSP Peak in response to Y27632 in vivo may not have resulted from changes in PVR but may have resulted from changes in venous return, cardiac output, left atrial pressure, neurogenic control, and other factors. To examine the direct effect of ROCK inhibition on PVR in lungs chronically hypoxic for 3 weeks, we used an isolated lung preparation. Mean PAP in chronically hypoxic lungs (nϭ5) was 15.1 (Ϯ0.6) mm Hg and was significantly reduced (PϽ0.01) to 13.0 (Ϯ0.9) mm Hg by Y27632 (3 m.l Ϫ1 ). At the highest Y27632 concentration (100 m.l Ϫ1 ) mean PAP was further reduced (PϽ0.01) to 10.7 (Ϯ0.4) mm Hg, a value that was similar to that in control nonhypoxic lungs (see below and Figure 1 ).
Thus the dominant mechanism underlying chronic hypoxic PH was sustained vasoconstriction and not structural changes in the pulmonary vasculature. These results suggested that sustained ROCK inhibition in vivo would prevent the development of chronic hypoxic PH.
Chronic ROCK Inhibition In Vivo
To confirm that chronic exposure to a hypoxic environment for 1 week caused fixed PH, we measured RVSP Peak in anesthetized rats (nϭ5) during ventilation with 30% oxygen, and found that after such exposure RVSP Peak was significantly (PϽ0.01) elevated (42.5Ϯ3.0 mm Hg) when compared with control nonhypoxic rats (28.8Ϯ1.4 mm Hg). For the reasons outlined above, further investigation of the role of ROCK in the development of PH was undertaken using the isolated lung preparation.
Mean right ventricular (RV) weight (see supplemental  Table I ) in a group maintained hypoxic for 1 week (CH group) and in a hypoxic group chronically treated with Y-27632 (CH-Y27632) for 1 week were both significantly higher than that of the control group. The sustained treatment with ROCK inhibitor significantly reduced the RV hypertrophy compared with hypoxia alone although it did not alter the polycythemic response to hypoxia (supplemental Table I ).
We assessed the total PVR in isolated lungs under 3 different conditions, ie, lungs ventilated with 16%, 7%, or 3% O 2 (Figure 1 ). These concentrations give alveolar values that approximate normal sea level alveolar pO 2 , the alveolar pO 2 experienced by the rats during hypoxic exposure in the chamber, and an alveolar pO 2 that produces a maximal hypoxic vasoconstrictor response. Lungs from the control group showed normal low PVR when ventilated with 16% O 2 and significant increases in resistance in response to reduction in alveolar O 2 indicating normal HPV ( Figure 1 ). Chronically hypoxic lungs ventilated with 7% O 2 had significantly elevated vascular resistance compared with control lungs ventilated with the same inspired oxygen, and this resistance was not reduced by acute return to normal alveolar oxygen concentration (16% O 2 ). Reduction to 3% O 2 in the chronically hypoxic lungs caused a further small increase in resistance to a value similar to that seen in control lungs at the same inspired oxygen ( Figure 1 ). Chronic administration of the ROCK inhibitor Y-27632 prevented the development of PH in response to sustained exposure to hypoxia and also abolished the acute hypoxic vasoconstrictor response ( Figure 1 ).
To evaluate the contribution of ROCK-dependent vasoconstriction to the control of PVR in these chronically hypoxic and control lungs, Y-27632 was added to the perfusate up to 3 mol/L, a concentration that selectively inhibited ROCK. 8, 11 In normoxic lungs, ventilated with 16%O 2 , Y-27632 up to 3 mol ⅐ l Ϫ1 did not change the PAP ( Figure  2A ), demonstrating that ROCK activity did not play a role in the control of vascular resistance in the normal lung.
In the CH group, acute administration of Y-27632 markedly decreased the PAP in a dose-dependent fashion ( Figure  2A ). This concentration of ROCK inhibitor abrogated approximately two-thirds of the increase induced by chronic hypoxia through an effect that was mainly localized to the arterial (precapillary) segment ( Figure 2B ). This demon-strated that a vasoconstrictor activity of ROCK played a key role in maintaining chronic hypoxic PH.
Finally, in the CH-Y27632 group, in which the baseline PAP was similar to that in the control group, acute addition of Y-27632 had no significant effect on PA pressure in the isolated lungs, demonstrating that the chronic treatment with Y-27632 had maximally inhibited the effect of ROCK activity on PVR (Figure 2A) .
In a separate series of experiments, we assessed the effect of higher, potentially nonselective 8, 11 concentrations of Y-27632 (up to 100 mol/L) on the PAP in lungs maintained chronically hypoxic for 1 week and found that PAP was decreased to 10.1 (Ϯ0.2) mm Hg (nϭ3), a value similar to that in control lungs (9.6Ϯ0.3 mm Hg). These results were similar to those obtained in the 3-week hypoxic group and supported the conclusion that the dominant mechanism underlying chronic hypoxic PH is sustained vasoconstriction.
In the presence of Y-27632 (3 mol ⅐ l Ϫ1 ), reducing the oxygen level to 3% did not produce significant pulmonary vasoconstriction in any group, indicating that ROCK is a key mediator of acute HPV (data not shown).
Effect of Acute ROCK Inhibition on Pulmonary Oxygen Uptake in Hypoxic Rats
In chronically hypoxic rats ventilated with a hypoxic inspirate (FiO 2 0.10), there was no change in either the A-aO 2 gap or the partial pressure of oxygen in arterial blood (PaO 2 ) after acute administration of Y-27632 (see online supplement). The A-aO 2 gap and PaO 2 were unchanged after injection of vehicle (data not shown).
Effect of Chronic Inhibition of ROCK on Hypoxia-Induced Angiogenesis and Vascular Remodeling
The mean left lung volume was significantly increased in the CH group (3.28Ϯ0.15 mL) when compared with both the control group (2.54Ϯ0.12 mL, PϽ0.001) and the CH-Y-27632 group (2.98Ϯ0.05 mL, PϽ0.05).
In the control lungs, the majority of intra-acinar vessels were thin-walled, with a single elastic lamina and no discernable tunica media (see online supplement results). In the CH group remodeling of the wall of intra-acinar vessels was evident, as shown by the development of separate internal and external elastic laminae and an intervening layer of media (see online supplement results). After chronic inhibition of ROCK, the structure of vessel walls was similar to that observed in the control group suggesting inhibition of hypoxia-induced vascular remodeling.
In the CH group, the mean total length of intra-acinar vessels (9236Ϯ630 cm ⅐ LL Ϫ1 ) was significantly higher than in the control group (5327Ϯ392 cm ⅐ LL Ϫ1 , PϽ0.001). After chronic inhibition of ROCK, the total length of intra-acinar vessels (7864Ϯ508 cm ⅐ LL Ϫ1 ) was less than in the CH group although it remained significantly higher than in control group (PϽ0.01). Analysis of the mean lumen diameter of the intra-acinar vessels showed that there was no difference between the 3 groups ( Figure 3A) . However, the ratio of the wall thickness to the lumen diameter was significantly in- creased in the CH-group when compared with control and CH-Y27632 lungs ( Figure 3B ).
The total capillary volume and total capillary length ( Table 1 ) were significantly increased in the CH group when compared with the control group, whereas after chronic treatment with Y-27632 these hypoxia-induced increases were significantly reduced and not significantly different from those in control group. The total capillary endothelial surface area was also significantly increased in the CH lungs when compared with the control group (Table 2 ). In the CH-Y-27632 group, capillary endothelial surface area was significantly less than that in the CH group although it remained elevated above the control value ( Table 2 ). Chronic hypoxia also caused a significant increase in the total alveolar epithelial surface area when compared with the control group (Table 2) , although in the CH-Y-27632 group this value was significantly less that in the CH group and similar to that in the control group. In both hypoxic groups, the increase in capillary endothelial surface area was proportionately greater than that in the epithelial surface area as indicated by the increase in the mean ratio of capillary endothelium to alveolar epithelium ( Table 2 ).
Effect of Hypoxia on RhoA, RhoA Activation, and ROCK Expression
The total amount of RhoA was similar in each of the different groups of rats; ie, control, CH, and CH-Y-27632 ( Figure 4 ). RhoA activation, expressed as the percentage of total RhoA in GTP-RhoA form, showed no significant difference between the different groups (Figure 4) . In CH and CH-Y-27632 groups levels of ROCK I and II isoforms were significantly increased when compared with the control group ( Figure 5 ).
Effect of Chronic ROCK Inhibition on Vascular Growth Factor Gene Expression
Chronic hypoxia increased expression of platelet-derived growth factor-␣ (PDGF-␣), and this effect was significantly reduced by ROCK inhibition (Figure 6 ). Chronic ROCK inhibition also significantly reduced transforming growth factor ␤-1 (TGF-␤1) expression when compared with chronically hypoxic lungs ( Figure 6 ). Interestingly, expression of the proangiogenic genes vascular endothelial growth factor A (VEGF-A) and angiopoeitin-1 (ANG-1) was not significantly altered at the end of one week of hypoxia and was unaffected by ROCK inhibition.
Discussion
It has been generally thought that PH predominantly resulted from hypoxia-induced structural changes in the pulmonary vasculature, which produced a fixed increase in resistance. These structural changes included remodeling of the arteriolar walls leading to encroachment into the vascular lumen, and loss of blood vessels, suggesting that interventions, which successfully ameliorated PH, would act by preventing or reversing such structural changes. The results of the present study cast doubt on this paradigm by demonstrating that chronic hypoxia did not cause a structurally based reduction of pulmonary vascular lumen diameter, nor did it cause a loss of pulmonary vessels. Moreover, we report that chronic inhibition of ROCK abrogated the development of hypoxic PH, not by preventing structural encroachment into the vascular lumen, but by inhibiting sustained pulmonary vasoconstriction. Importantly, we also found hypoxiainduced capillary angiogenesis in the adult lung that was dependent on the RhoA/ROCK pathway. ROCK inhibition reduced the expression of key vascular growth factors suggesting that this was one of the mechanisms by which it attenuated hypoxia-induced vascular remodeling.
Initially, we confirmed that exposure to hypoxia for three weeks induced fixed PH in vivo; ie, increased RVSP Peak that was not immediately reversed on exposure to normal alveolar oxygen and thus was not mediated by acute hypoxic pulmonary vasoconstriction. Previously, this observation, together with the extensive remodeling of pulmonary arterioles, has been taken as evidence that the increased PVR in chronic hypoxic PH was predominantly attributable to structural changes in the vasculature. However, in our experiments administration of the ROCK inhibitor Y-27632 produced a marked fall in PAP suggesting that ROCK-dependent vasoconstriction was the major determinant of hypoxic PH.
Because the changes in peak right ventricular systolic pressure in response to Y-27632 in vivo might not have been attributable to changes in PVR but might have resulted from changes in other parameters, we used the isolated ventilated lung preparation to examine the direct effect of ROCK inhibition on PVR. Although the PA pressure in such preparations is much lower than in vivo values, it is a direct index of PVR. Our finding that Y-27632 caused PAP to fall immediately to near normal values in lungs made chronically hypoxic for 3 weeks demonstrated that ROCK inhibition normalized PVR by a direct action on pulmonary resistance vessels and strongly suggested that hypoxic PH was not structurally based.
In view of the evidence that Y-27632 could acutely reverse chronic hypoxic PH, we examined the effect of chronic Y-27632 administration during 1 week of exposure to hypoxia. In agreement with previous reports, 18, 19 we first confirmed that exposure to hypoxia for 1 week produced marked PH in vivo, which persisted when alveolar oxygen was acutely elevated to supra-normal values (see Results), a finding that was confirmed in isolated lung preparations (Figure 1 ). In addition, we observed extensive vascular wall remodeling in CH lungs (Figure 3) , as previously demonstrated after 1 week of hypoxia. 18, 19 Thus, these lungs demonstrated the features that had previously been interpreted as indicating structurally based PH. However, our stereological analysis demonstrated other hypoxia-induced structural changes in the pulmonary vasculature (angiogenesis and wall remodeling without lumen reduction) that differ radically from those suggested by the conventional paradigm (Figure 3) . Why have such structural changes not been previously detected? The techniques we used to analyze vascular structure differ in 2 important ways from those previously used to address this problem, as we have previously discussed. 2 First, stereology allows quantitative analysis of 3-dimensional structural parameters based on the 2-dimensional information available in histological sections and takes account of the changes in whole lung volume caused by chronic hypoxia. 20 Second, vessels were recruited and fixed under no-flow conditions at a defined transmural distending pressure that was constant at all points in the vasculature, was unaffected by changes in vascular resistance, and was identical in both control and hypertensive lungs. Thus the vascular dimensions measured in this study reflect structural change and were unaffected by pre-existing smooth muscle tone in vivo.
Our observation that chronic hypoxia did not cause encroachment of the remodeled vascular wall into the lumen is in good agreement with our previous report but extends those findings in 2 important ways. 2 First, we show that this outward remodeling of the vessel wall occurred in lungs in which we had hemodynamically confirmed the development of fixed PH (Figure 1 ). Second, we found that chronic administration of Y-27632, a selective ROCK blocker, 11 inhibited the development of increased PVR in response to chronic hypoxia (Tables 1 and 2) and attenuated right ventricular hypertrophy in vivo (supplemental Table I ), with- out causing structural enlargement of the lumen (Figure 3 ). We confirmed that the dose used chronically in vivo was effective in blocking the contractile activity of the ROCK pathway by demonstrating that after isolation, these lungs showed no additional vasodilator response to acute Y-27632 administration (Figure 2 ). The failure of chronic ROCK inhibition to significantly enlarge mean-maximal-lumen diameter was observed, despite the fact that it successfully attenuated wall remodeling, a finding that is supported by the recent report of Fagan et al. 21 Taken together, our results show that chronic hypoxic PH develops without structural change in the mean-maximal-vascular-lumen diameter and, furthermore, PH can be prevented without enlarging the structurally determined lumen diameter. This suggests that chronic hypoxic PH is not caused by structurally imposed changes in vascular resistance. This conclusion is further reinforced by the demonstration that acute administration of a high concentration of Y-27632 normalized PVR in isolated lungs made chronically hypertensive by exposure to 1 and 3 weeks of hypoxia, both in vivo and in isolated lungs (Figure 2 and see Results), results that confirm the recent report of Nagaoka et al. 22 Evidence supporting the important role of RhoA/ROCK is provided by the demonstration of a marked reduction in PVR ( Figure 2 ) at concentrations of Y-27632 that are selective for ROCK (3 micromolar or less), 8, 11 although these concentrations did not return pulmonary arterial pressure to normal values. It has been previously shown that Y-27632 relaxes vascular smooth muscle, preconstricted by either agonists or hypoxia, by blocking ROCK-mediated phosphorylation of the regulatory protein CPI-17 and the MYPT-1 of myosin light chain phosphatase (MLCP), both of which effects activate MLCP, thus reducing myosin light chain phosphorylation and relaxing smooth muscle. 15, 21 Administration of higher concentrations of Y-27632 returned PVR to control values, although this vasodilator action might not have resulted from specific ROCK inhibition. 5, 8 Clearly, acute normalization could not occur if vascular resistance was increased by a fixed structural mechanism.
The RhoA/ROCK-dependent sustained vasoconstriction observed in chronically hypoxic lungs is distinct from that mediating acute HPV because acute normalization of alveolar oxygen did not reduce PVR after either 1 or 3 weeks of hypoxic exposure. This suggested that the sustained vasoconstriction of chronic hypoxia did not have a role in ventilationperfusion matching. To test this directly, we examined the effect of acute ROCK inhibition on the alveolar-arterial oxygen gap, an index of physiological shunting, and found that this was unaltered (see online supplement). This suggests that chronic ROCK-mediated hypoxic PH is a maladaptive response, because it overloads the right ventricle without improving gas exchange and is in marked contrast to the beneficial optimization of ventilation-perfusion matching produced by acute HPV.
In the present study, we found that chronic hypoxia induced capillary angiogenesis in the adult lung in vivo (Tables 1 and 2) , confirming the results of our previous report. 2 In support of this Pascaud et al reported that angiostatin, an inhibitor of angiogenesis, aggravated PH in the hypoxic lung, an observation that suggests new vessel formation in hypoxic lungs. 23 More recently, Beppu and colleagues demonstrated hypoxia-induced capillary angiogenesis in the adult mouse lung. 24 We now extend those findings by reporting that chronic ROCK inhibition significantly attenuated this hypoxia-induced angiogenesis (Tables 1 and 2). Inhibition of RhoA or ROCK has previously been shown to prevent growth factor-induced endothelial cell migration and organization into capillary-like structures in vitro and vessel formation in Matrigel implant. 12, 13, 15, 25, 26 Our finding that Y-27632 attenuated hypoxia-induced angiogenesis in the lung is, to our knowledge, the first report directly demonstrating that the RhoA/ROCK pathway has a central role in hypoxic angiogenesis within adult tissues in vivo. In the lung, this may be particularly important as hypoxic angiogenesis increases the diffusing capacity for oxygen and may therefore be an important adaptive response to hypoxia. 2 The possibility that hypoxiainduced angiogenesis might improve oxygen uptake in the lung awaits direct functional evidence. However, studies in high altitude and burrowing animals adapted to hypoxic environments show that the enlarged pulmonary capillary bed found in such species enhances oxygen uptake during exercise in hypoxia when oxygen uptake becomes diffusion limited, but not at rest when uptake is perfusion limited. 27 The action of ROCK in the chronically hypoxic lung was not the result of increased expression of RhoA, a finding in good agreement with the recent report of Jernigan et al. 28 Moreover, ROCK activity could not have resulted from increased RhoA activation because GTP-RhoA was reduced (although not significantly) and not increased (Figure 4) . This result is similar to that of Bailly et al who showed reduced RhoA activation in chronically hypoxic pulmonary vascular smooth muscle, 29 although increased RhoA activation has been reported in chronically hypoxic lungs after 4 weeks. 28 The ROCK effects that we observed may have been mediated through the increased expression of both its isoforms ( Figure  5 ), a finding in good agreement with the demonstration that hypoxia augments expression of this enzyme in cultured pulmonary smooth muscle cells. 30 ROCK activity is an important regulator of cytoskeletal rearrangement in endothelial cells during migration, and blockade of this action inhibits in vitro organization of endothelial cells into capillary structures. 14, 26 Such inhibition of cytoskeletal reorganization could have contributed to the attenuated angiogenesis that we observed in the CH-Y-27632 group. We explored the possibility that inhibition of remodeling and angiogenesis might also have been mediated by altered expression of key vascular growth factors. Our finding that chronic Y-27632 treatment reduced PDGF-␣ and TGF-␤1expression ( Figure 6 ) suggests that alteration of these growth factors might be an important mechanism by which ROCK inhibition attenuated arteriolar wall remodeling. Interestingly, neither chronic hypoxia nor ROCK inhibition changed the expression of VEGF-A or ANG-1 at 1 week ( Figure 6 ). It is possible that expression of these genes might have been altered by hypoxia at earlier time points and that Y-27632 had blocked these changes, thus inhibiting angiogenesis. Alternatively other proangiogenic genes may play a predominant role in the lung.
It has recently been suggested that inhibitors of the RhoA/ ROCK pathway might be useful therapeutic agents in the treatment of PH. In this context our findings are particularly noteworthy because they suggest that such inhibitors might act as a "double-edged sword". Successful attenuation of PH would be expected to relieve right ventricular strain and the resultant adverse consequences. 1 However, reduction in hypoxia-induced angiogenesis in the lung might simultaneously have an adverse effect on pulmonary diffusing capacity for oxygen, which might be a previously unsuspected adverse consequence of such a therapeutic approach. This possible effect of ROCK inhibition will require further investigation.
In summary, we found that increased expression of ROCK is a key signaling event in hypoxia-induced vascular adaptations in the lung. Activation of this protein kinase leads to chronic hypoxic PH, not by mediating structural reduction of the diameter of the lumen of pulmonary blood vessels, but by causing sustained vasoconstriction. In contrast, the ROCK dependent capillary angiogenesis that we report here may be a beneficial adaptive response, improving oxygen uptake in the lung particularly during exercise.
